INTRODUCTION
Ultrasonic tomography has been fairly widely applied for imaging of inhomogeneities in isotropic materials, particularly in the medical field, however, little success has been made in its application to industrial materials. This is largely due to the complex nature of ultrasonic wave propagation in these anisotropic materials. The three dimensional characteristics of ultrasonic wave propagation in anisotropic materials have been thoroughly studied for single crystals and also studied recently for different composites [1, 2, 3] . Understanding these characteristics provides the theoretical background for developing appropriate ultrasonic tomographic imaging methods for industrial materials.
Many results have been reported on tomographic imaging of defects in isotropic materials, primarily using pulse-echo methods [4] [5] [6] [7] . The conventional through-transmission method, has only been applied for weakly scattering objects, such as biomaterials having refractive index variations of less than about 10%. Ray curvature due to refraction effects were considered and treated using a perturbation approach or a ray tracing method [8, 9] . For industrial materials, Eberhard used the through-transmission method to reconstruct time-offlight (TOF) images of metallic materials [10] . The specimen was always encapsulated in a square shaped matrix having similar refractive index as that of the material to be inspected. This permitted easy correction for bending of the ultrasonic beam at the water-specimen boundary.
In fiber-reinforced composite materials, anisotropy causes both variation in ultrasonic wave velocity and refraction (energy flux vector deviation from the wave normal). In addition, the diffraction spread of the beam is also strongly altered [11] . Most ultrasonic tomography imaging methods are limited by this severe refraction of the ultrasonic wave. Reflection tomography, which was first described and used by Norton [12] , was also employed by Moshefeghi [7] to image defects in isotropic materials.
In the present work, defect imaging in isotropic materials of rubber and aluminum were investigated with a transmission tomography method. To correct for geometric refraction effects, special experimental scanning schemes and data sequencing techniques were used so that a conventional filtered back-projection algorithm could be implemented. Defects were also imaged in anisotropic graphite/epoxy thick composites using the reflection tomography method. The time of flight method was used with a simplified back-projection algorithm where the directional dependence of the ultrasonic wave speed was considered. Experimental results are presented showing images obtained from specimens with different anisotropies.
ISOTROPIC MATERIALS
Cylindrical specimens made of neoprene rubber and aluminum were imaged using the conventional through-transmission method. The experimental equipment consisted of a Panametric 5202 pulserlreceiver and a Sonix Inc. C-scan data acquisition and processing system. The rubber cylinder possessed an acoustic impedance value similar to that of water. Consequently ultrasonic wave refraction at the specimen boundary was neglected, straight ray propagation conditions were assumed, and through-transmission signal amplitude data were collected. The aluminum cylinder specimen, however, had a much larger acoustic impedance value than that of the water and there was a strong refraction at the specimen boundary. To correct for this effect, the transducers were fixed at a constant angle and offset position during rotation of the specimen. In order to properly implement the reconstruction algorithm, the distance between the parallel projections in the specimen were maintained the same. Using Snell's law, the angles of the transducers and the offset positions corresponding to a certain parallel projection across the specimen as shown in Here VI = 1480 mls and V 2 = 6385 mls are the ultrasonic velocities in water and the aluminum specimen, respectively, m is the total number of projections, n = 0, 1 ... m is the index of a certain projection. The peak amplitudes of the first arrival signals, which correspond to the longitudinal wave propagating through the specimen were detected and recorded. The multiple linking rays effect in materials with fast wave velocity as described by Anderson [13] was eliminated.
Schematic diagrams of the neoprene rubber and the aluminum alloy specimens are shown in Figs.2(a) and 3(a). During the experiments, three holes in the rubber specimen were air filled and one was filled with a stainless steel rod. All four holes in the aluminum specimen were air filled. A filtered back-projection method was used for tomographic imaging. The computer implementations of the algorithm were from the RECLBL library (Donner algorithms made in Lawrence Berkeley Laboratory), which is a package of computational subroutines that apply to the reconstruction of transverse sections from projection data. Fig.2(b) is the tomographic image of the rubber specimen displayed in a 128 x 128 pixel matrix. It was obtained by using 100 parallel projections at each of 120 angles at 3 degree intervals. The transducers used were 2.25 MHz and 0.5 in. diameter. Although all four holes can be clearly seen, the boundary of the holes cannot be exactly detem1ined. The difference between the holes filled with air and stainless steel is not obvious. Contributing to this is the fact that the ultrasonic velocity in the rubber specimen is 1698 mlsec, yielding a wavelength at 1 MHz of 1.7 mm, which is comparable to the diameter of the smallest hole. The resolution is limited by the transducer size, frequency, experimental alignment accuracy, and total numbers of projections. Fig.3(b) is the tomographic image of the aluminum specimen also displayed in a 128
x 128 pixel matrix. It was obtained with a total projection number of m = 30, and data collected at each 1 degree throughout 360 degrees around the specimen. The transducers used were 10 MHz and 0.5 in. diameter. As required for proper implementation of the algorithm, the projection data was input in a specific sequence. After recombining the projection data, it was the same as having 60 projections at each of 180 angles with 1 degree intervals. As shown in the result, except for the smallest hole of 2/16 in., which is about 5 times the ultrasonic wavelength of 0.64mm, the size of the holes were well determined. The image of the smallest hole appears bigger than the actual one. Compared with the result for the rubber specimen, there is an artifact displayed in the center of the aluminum specimen. This shadow might be eliminated by expanding the view angle of the projection to more than 180 degrees. 
ANISOTROPIC MATERIALS
The anisotropy of composite materials can be controlled by lay-up during the manufacturing process. The panels used for this work were graphite/epoxy composites having stacking sequences of [0,901n and [0,±45,901n. Thus they displayed a four and eight fold symmetry, respectively, in the through thickness direction. The manufactured panels were 12 in. by 12 in. square and 1.5 in. thick (282 plies). Cylindrical specimens with diameters of 5 in. or 10 in. and specimens of 4 in. by 4 in. square were cut from these panels. Some simple defects were introduced later in the specimens for investigation of the tomographic imaging. An off-centered hole with diameter of 3/16 in. was made in each of the 5 in. cylindrical specimen at the position shown in Figs. 5(a) and 6(a) . Two holes with the same diameters were made in the 4 in. by 4 in. square specimens. The experimental equipment consisted of a Panametric 5202 pulser/receiver and a Sonix Inc. C-scan data acquisition and processing system. During scanning, the entire rf waveforms of the received broadband signals were displayed and recorded for further data processing. A longitudinal wave 1 MHz 1 in. diameter transducer for cylindrical specimens and a 2.25 MHz 0.5 in. diameter transducer for square shaped specimens were found to be optimum. The three different scanning schemes used were (a) fan beam, varying ~; (b) through transmission, ~=180o; (c) pulse-echo, ~=OO. Where ~ is the angle between the source and receiver transducers.
To evaluate the directional dependence of the ultrasonic wave propagation velocity, through transmission measurements were performed on the cylindrical specimens. The entire rf waveforms were recorded every degree through a full 360 degrees. From the first arrival signals and the known diameter of the specimen, the longitudinal phase velocity in each direction was determined. The experimental phase velocity profile obtained for specimens of different anisotropy are shown in Fig. 4 .
To investigate the effects of the energy flux deviation, fan beam experiments were carried out on the 10 in. diameter cylindrical specimen with the [0,901n layup. The angle of the incident ultrasonic beam was referenced by 9 to the main fiber direction in the specimen. While maintaining this angular relationship, the receiver was rotated 180 degrees around the circumference of the specimen on the opposite side from the source transducer. It was observed that some ultrasonic energy could be detected at the receiver independent of the direction of incidence of the ultrasonic beam on the specimen. The peak amplitude was consistently observed to lie along the main fiber direction, suggesting that most of the energy was carried by the fiber.
The back-projection algorithm was used with the reflection tomography method to reconstruct the acoustic reflectivity of an object. The basic idea is as follows. The amplitude of the reflected ultrasonic signal evaluated at a certain time is related to the integrated information in the acoustic reflectivity over the corresponding wavefront curve. The value of this amplitude can then be back-projected onto this curve. For each point in the image field, there is such a wavefront curve running across it. A certain weight of the amplitude value evaluated at this time is added to the reflectivity value at this point. To reconstruct the image, this is repeated with the transmitter-receiver systematically scanned over other directions. The image is then formed as the results from each of these directions are superimposed.
In composite materials, the energy flux direction is very complicated because of the strong influence of anisotropy introduced by the fiber. Quantitatively, it is very hard to relate the amplitude of the reflected signal directly to the reflectivity; qualitatively however, one can simplify the situation by classifying the amplitude value as either 0 or 1. Then the amplitude with the value 1 can be back projected uniformly onto the corresponding wavefront on which a reflector would appear. Using the experimental results of the velocity profile as shown in FigA, the wavefront curves, corresponding to the source/receiver transducer located at a certain position, can be evaluated at a given time. This kind of simplified back-projection algorithm was used for locating defects in the composite specimens.
Using the pulse-echo method, defect imaging in 5 in. diameter cylindrical graphite/epoxy specimens with layups of [0,±45,901 n and [0,901n was investigated. Experiments were carried out by collecting the rf waveform of the reflected signals with the , respectively. Since the behavior of ultrasonic wave propagation in the quasi-isotropic specimen is similar to that in an isotropic material, ultrasonic waves can easily propagate along any direction in the specimen. Therefore, the signal trace related to the reflected signal from the defect can be easily followed for all of the angular positions. The signal trace related to the hole in the [0,90]n specimen, however, can only be followed within a certain angular range. This is because the ultrasonic wave is highly attenuated except at the directions close to that along the fibers, thus the reflected signals from the hole may be too weak to be received. With a data processing computer program, the delay times at the peak of the reflected signal from any reflector other than that from the specimen surfaces were extracted. The value of I was assigned to each point on the calculated wavefront curves corresponding to these delay times and the known position of the source/receiver. This was repeated for all possible angles where the signal/noise ratio of the reflected signal from any defect was large enough.
The images were reconstructed on a 256x256 pixel square grid. The original imaging results are displayed in Figs.5(c) and 6(c). Some imaging processing tools were used later to smooth the original images and enhance the contrast. The final results for the [0,±45,90Jn and the [0,90Jn specimens are shown in Figs. 5(d) and 6(d), respectively. The positions of the holes are well located, however, the resolution of the image is not optimum due to limitations in the experimental system and signal processing accuracy. CONCLUSION Two-dimensional ultrasonic tomographic methods for defect imaging in various industrially important materials have been demonstrated. For isotropic materials, a conventional through-transmission tomographic method was used to image defects in an aluminum alloy cylinder by employing a straight ray reconstruction scheme. For anisotropic materials, the reflection tomography method was used to locate known defects in graphite/epoxy composites with different anisotropies. The resolution can be further improved by optimizing the experimental apparatus and increasing the signal processing accuracy.
